[1] The annual cycle of the surface salinity field in the eastern Gulf of Mexico (GoM) basin is investigated with a numerical model and observational data. A tongue of low salinity water is evident in the model climatology spreading southward from the Mississippi -Alabama -Florida (MAFLA) shelf and De Soto Canyon in the summer. The model salinity climatology along this path compares well to historical observations. This climatological feature is a consequence of the seasonal availability of low salinity water over the MAFLA shelf and De Soto Canyon for entrainment into jets associated with the mesoscale eddy field in the northern GoM. Additionally, the chlorophyll a monthly climatology from satellite data shows elevated concentrations in a tongue-like pattern similar to the low salinity feature found in the model, suggestive of a biological connection between the eastern GoM basin and river discharge in the northern GoM. 
Introduction
[2] The Gulf of Mexico (GoM) ocean circulation is dominated by the energetic Loop Current (LC) and the large anticyclones that pinch off at irregular intervals. Associated with the LC and its anticyclones are a number of smaller cyclonic and anticyclonic eddies, producing a very active mesoscale eddy field in the GoM. Speeds within these eddies can be greater than 1 m/s, and eddy pairs can form strong jets between them. The eddies extend to depths of several hundred meters, so they remain offshore of the continental shelf. As they spin against the continental slope, they can force exchanges of fluid across the continental shelf break.
[3] In the northern GoM, low salinity water found near the coast is the result of fresh water discharged from large rivers, primarily the Mississippi River with an annual mean discharge of over 13,000 m 3 /s (USGS station 7374000), and the neighboring Atchafalaya River contributing approximately an additional 50%. This low salinity water can be transported westward over the Louisiana-Texas (LATEX) Shelf, or eastward over the Mississippi -Alabama -Florida (MAFLA) Shelf toward De Soto Canyon. In either case, the buoyant low salinity water formed by river discharge can be entrained in the offshore -flowing jets, or can wrap around eddies redistributing the fresh water throughout the GoM. The circulation controlling the fate of this river discharged water over the LATEX Shelf has been well studied [e.g. Cochrane and Kelly, 1986; Cho et al., 1998 ]. Historically, less work has been done to the east [e.g. Chuang et al., 1982; Schroeder et al., 1987] , however, a recent observational effort in the northeastern GoM [Jochens et al., 2002] has helped explain the variability of the ocean hydrography and chemistry over the MAFLA Shelf, De Soto Canyon, and northern West Florida Shelf (WFS).
[4] Occasional plumes, or pulses, of chlorophyll-rich water have been observed along the outer WFS of the GoM. Del Castillo et al. [2001] documented one such event and discussed a link between the water properties and the Mississippi River as a source. Paul et al. [2000] studied the biology within one of these plumes at locations west of Tampa and west of the Dry Tortugas in August, 1997, and found minimum surface salinity values of 29 PSU and 33 PSU at the two sites, respectively. Both measurements represent large anomalies from the annual mean salinity of roughly 36 PSU in this region. Gilbes et al. [1996] discusses a plume of chlorophyll-rich water on the WFS in connection with shelf circulation, upwelling, and discharge from the Mississippi and Mobile Rivers. The authors find that the plume occurs mainly during the spring, as does He and Weisberg [2002] . Gilbes et al. [2002] then presents evidence of a connection between this plume and the Apalachicola River discharge. This high-chlorophyll low salinity feature occurs primarily mid-shelf, offset seaward of a tongue of cold water, and does not seem to be linked to the LC. Toner et al. [2003] also present observational and numerical examples of plumes occurring eastward of the Mississippi River and discuss their importance in transporting biological material in the ocean.
[5] In this study, a Navy Coastal Ocean Model (NCOM) high-resolution numerical simulation of the Gulf of Mexico is used to investigate another local minimum identified in the monthly climatology of surface salinity. This seasonal tongue of low salinity water extends southward from the De Soto Canyon offshore of the WFS slope, during the summer months. The tongue follows the eastern edge of the mean position of the LC, and produces an annual cycle in the climatology of surface salinity as far south as the Florida Keys. This low salinity tongue is shown to be a consequence of intermittent plumes of low salinity water transported offshore from the MAFLA Shelf near De Soto Canyon by the GoM mesoscale eddy field. These plumes occur preferentially in the summer because of the seasonal availability of buoyant low salinity water over the MAFLA Shelf and De Soto Canyon for entrainment into the jets associated with eddies and eddy pairs. Ocean color data suggest that the abundance of phytoplankton in the eastern GoM basin during the summer may linked to river-borne nutrients from the northern Gulf.
The Model
[6] The NCOM is a primitive equation three-dimensional thermodynamic ocean model with a hybrid sigma layer/ z-level vertical coordinate [Martin, 2000; Morey et al., 2003] . Morey et al. [2003] describes the NCOM and its application to the GoM in detail. The NCOM is configured to simulate the entire GoM and Caribbean north of Honduras (15.55°N) to 80.6°W with 1/20°resolution, 20 sigma levels above 100 m and 20 z-levels below 100 m to a maximum depth of 4000 m. The model is forced by discharge from 30 rivers, transport through the open boundary in the Caribbean (with monthly climatology temperature and salinity), and monthly climatology surface heat flux and wind stress. Winds are derived from the Comprehensive Ocean -Atmosphere Data Set (COADS) [DaSilva et al., 1994] . There is no relaxation of the surface salinity to climatology. A surface salinity flux has the effect of uniformly evaporating a net of 46 cm/yr of water from the Gulf. Two experiments are run: one with monthly climatology river discharge, and the other with constant river discharge rates. The simulation is initialized from rest with climatology temperature and salinity and run for a total of 10 years for each experiment, with analysis beginning in the fourth year.
Results

Low Salinity Events
[7] Surface grid cell salinity fields from the model show intermittent pulses of low salinity water entrained in currents associated with eddies near De Soto Canyon and transported southward (Figure 1 ) forming long filaments, or plumes, of low salinity water. These eddies may be large anticyclonic LCEs following a more northern westward migration pathway, or smaller cyclones and anticyclones that can be found near the shelf edge (examples of both can be seen in Figure 1 ). Depending on the position of the LC, the low salinity water can sometimes find its way along a path to the LC, which can transport it past the Florida Keys and out of the domain. These filaments or plumes persist for approximately one month and occur more frequently during the summer months. However, the LC life cycle and eddy shedding processes do not follow a seasonal pattern so other mechanisms must be responsible for the seasonal formation of this pathway for low salinity water. The salinity profile within one of these low salinity jets shows a sharp halocline with the low salinity water confined to the upper 30 m (Figure 1, bottom) , with the halocline weakening along the pathway.
[8] For this study, a low salinity water entrainment ''event'' in this region is arbitrarily defined as a continuous mass of seawater with surface salinity less than 34 PSU originating along the coastline eastward of the Mississippi River Delta and extending to the quadrant southward of 27°N and eastward of 87°W. In fourteen years of model integration (seven years are analyzed for each of the two experiments), 10 events initiated in July months, 7 events in August months, 2 events in September months, and no events began in other months. Nine of these events involved entrainment in the edge of a shed LCE, and the other ten events occurred when no LCE was present in the vicinity. Interannual variability in the number of events is due to the chaotic behavior of the interacting eddies, both LCEs and smaller cyclones and anticyclones, and on the position of the LC. Despite this interannual variability, the ocean still demonstrates a preference for forming these features during the summer months.
Salinity Climatology
[9] Due to the seasonal preference for the formation of these low salinity entrainment events, it should be expected that they contribute to an annual signal in the climatology of upper ocean salinity along their typical pathway. That is, there is a modulation of the frequency of these events in the eastern GoM with a maximum in July and August. Monthly 
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climatology salinity from the model topmost grid cells does indeed show a freshening in the eastern GoM offshore of the WFS during the summer months versus the other months of the year (Figure 2) . A low salinity tongue extending from De Soto Canyon southeastward along the WFS slope between the 100 m and 1000 m isobaths, and along the eastern edge of the mean position of the LC, is evident in August (and not in the non-summer months), consistent with the locations of the low salinity jets. The only source for this low salinity water in the model is fresh water input by rivers within the domain, with the Mississippi River having the greatest contribution. There is no evidence from the model that river discharge along the Florida coastline contributes to these low salinity jets.
[10] The World Ocean Atlas 1998 (WOA98) [Conkright et al., 1998 ] monthly salinity climatology shows an annual cycle in the eastern GoM along this pathway consistent with the model (Figure 3) . It is important to note again that the model surface salinity is not relaxed to climatology. Similar results are obtained from the model forced by monthly climatology or constant river discharge rates. Therefore, the annual cycle of river discharge is not the controlling mechanism for the the low salinity tongue in the salinity climatology.
[11] Model results show freshening of the surface water over the MAFLA Shelf and De Soto Canyon during the late spring through summer. This freshening is also evident in synoptic observations of surface salinity collected during the Minerals Management Service sponsored Northeastern Gulf of Mexico (NEGOM) cruises [Jochens et al., 2002] . In the NEGOM project report, salinity maps at 3 m show saline conditions over much of the NEGOM region during the late fall and winter cruises,an eastward spreading of low salinity water during the spring, and freshening over the MAFLA Shelf and De Soto Canyon during the summer.
Wind Driven Circulation
[12] Morey et al. [2003] demonstrated that, during the fall and winter, the low salinity water formed by river discharge in the northern GoM is exported from the region toward the west as part of a wind driven coastally attached jet. In the summer, the freshening of the surface water east of the Mississippi River is due to wind driven eastward spreading of the low salinity water influenced by the Mississippi River (and possibly the neighboring Atchafalaya). Beginning in September, and continuing through the winter, the winds in the northern Gulf are easterly shifting to northeasterly and northerly, consistent with a westward/southward coastal current (Figure 4) . The winds begin to relax in the spring and shift to southeasterly and then southerly over the region east of the Mississippi River Delta during the summer months, which drives eastward Ekman transport in the low salinity surface layer. To the east of the Mississippi River Delta, the shelf is relatively narrow and the low salinity water spreads toward the deep De Soto Canyon where it can interact with the circulation offshore of the continental shelf. A more detailed discussion of the wind driven circulation in the northern GoM can be found in Morey et al. [2003] .
A Biological Connection
[13] Nutrients, along with the fresh water, are input to the ocean via river discharge. Thus, the low salinity upper ocean water influenced by river discharge can also have associated increased chlorophyll concentrations. If it is the case that a preferred pathway for redistributing river discharged fresh water results in a climatological low salinity pattern, then one may also expect to see a similar pattern in maps of chlorophyll concentration.
[14] Maps of monthly climatology chlorophyll a concentration created from SeaWiFS satellite ocean color data show a remarkably similar pattern to the model surface salinity (Figure 2) . A tongue of relatively high chlorophyll a concentration is evident in July and August, generally in the same location as the low salinity tongue produced by the model climatology. Both features rapidly recede to the northwest in September, and are not evident throughout the non-summer months. Alternative explanations for increased biological activity in this region could include the availability of nutrients due to wind-driven upwelling at the shelf edge, or upwelling at the edges of eddies. However, the summertime climatological winds are not upwelling favorable in this region, and eddy edge upwelling would be distinctly non-seasonal due to the fact that the eddy field is non-seasonal. This reinforces the idea of a connection between this tongue of chlorophyll-rich water in the eastern GoM basin and water discharge by large rivers far away in the northern Gulf.
Discussion and Conclusions
[15] During the summer months, winds become favorable for eastward Ekman transport of surface water near the mouth of the Mississippi River. This low salinity surface water spreads eastward over the narrow MAFLA shelf and De Soto Canyon, to deeper water near the shelf edge, where it becomes available for entrainment and subsequent transport by the currents associated with the deep ocean mesoscale eddy field. Often, a pathway exists such that the low salinity water can be transported to the LC. Once entrained in the LC, the low salinity water formed by river discharge in the northern GoM can find its way far south to the Florida Straits. Evidence of this pathway has been provided by Lagrangian studies [Schroeder et al., 1987; Morey et al., 2003] , in situ observations [Paul et al., 2000] , and in the numerical simulations. Although water from the shelf edge along the northern Gulf can be transported along this pathway at any time during the year, Morey et al. [2003] has shown that this outer shelf water is rather saline except during the summer months. This annual cycle of the availability of low salinity water along the shelf edge produces an annual cycle in the surface salinity, with a minimum during the summer, in a tongue extending southeastward from near De Soto Canyon along the mean eastern edge of the LC, weakening along the path toward the Florida Straits. Figure 4 . Monthly climatology wind stress derived from COADS [DaSilva et al., 1994] for January (black arrows) and July (red arrows).
